INTRODUCTION
It is well known that cathepsins B (EC 3.4.22.1) and L (EC 3.4.22.15) are major endo-type lysosomal cysteine proteinases that are important in the degradation of intracellular proteins as initiators for protein degradation, 1,2 although cathepsin B plays a main role as a dipeptidyl carboxypeptidase and cathepsin H also an aminopeptidase. 3 On the other hand, cathepsin S (EC 3.4.22.27) was recently found from bovine lymph nodes originally 4 and has been purified from mammalian tissues. [5] [6] [7] It belongs to the group of papain superfamily and is similar to cathepsins L and B which have a high specific activity toward protein substrates. 5 Cathepsin S was found to hydrolyze protein substrates at pH 7.5, such a property of this enzyme differs from other lysosomal cysteine proteinases, cathepsins B and L. 5 In the endo-type cathepsins of fish, so far, cathepsins B and L have been purified and examined extensively from common mackerel, 8, 9 carp 10-13 and chum salmon. 14, 15 It has been presumed that these cathepsins are involved in the autolysis of the fish muscle. However, no one has reported the existence of cathepsin S from fish. Cathepsin S is active toward proteins and synthetic peptide substrates over the range of pH 5.0-8.0. 16 The property seems to be extremely important in physiological function and in food science concerning the autolysis of post-mortem phenomena in muscle protein.
We reported the existence and purification of cathepsin S from carp hepatopancreas for the first time in fish. 17 The purpose of the present study is to characterize the substrate specificity for peptides and myofibrillar proteins by carp cathepsin S.
MATERIALS AND METHODS

Materials
Cultured carp Cyprinus carpio (body weight 800-900 g) were purchased from a commercial supplier. After decapitation and evisceration, hepatopancreas were separately collected. Tyr- 4 Glu, respectively. The cleavage sites for insulin B-chain were estimated to be the bonds at 3 Asn- 4 Gln, 6 Leu- 7 Cys, 12 Val- 13 Glu, 13 Glu- 14 Ala, 16 Tyr- 17 Leu, 22 Arg- 23 Gly, 24 Phe- 25 Phe and 26 Tyr-27 Thr. P2 position on these peptides were bulky and hydrophobic amino acid residues such as Phe or Leu, small amino acid residues such as Gly, Ala and Val were also accepted in these positions. Regarding the protein substrates, cathepsin S degraded carp a-actinin, actin, tropomyosin and troponins T and I although the proteolyzing speeds were distinct from one another.
Chemicals
S-Sepharose
ing the absorbance at 215 nm. Each hydrolytic fragment separated by HPLC was pooled and concentrated by centrifugal lyophilizer (Taitec Corporation, Tokyo, Japan). The amino acid sequences of the peptide fragments were determined by a protein sequencer (Perkin Elmer 492 Procise Protein Sequencing System; Applied Biosystems, Foster City, USA).
Polyclonal antibodies of myofibrillar proteins
Antisera against a-actinin, actin, tropomyosin and troponins T and I were previously produced in rats by injecting each of the purified myofibrillar components from carp (actin and tropomyosin) or red seabream muscle (a-actinin and troponins T and I). 19 Each immunoglobulin (Ig) G in the antisera was purified by an Affi-Prep Protein A affinity column, subsequently applied to the respective antigen-conjugated Sepharose 6B column. Each 50 mg antibody was dissolved in 15 mL of 20 mM Tris-HCl buffer (pH 7.5) containing 0.5 M NaCl and 1% gelatin was used for immunoblotting.
Preparation of carp myofibril
Carp myofibril was prepared by the method of Seki and Watanabe 20 with a slight modification. Carp muscle was homogenized with threefold 100 mM KCl, 5 mM EDTA, 39 mM borate buffer, pH 7.1, followed by three washings. After removing the connective tissues with nylon mesh, the homogenate was centrifuged at 600 g for 10 min to obtain the precipitate. Myofibril was prepared after washing the precipitate with 20 mM Tris-maleate buffer, pH 7.0, three times.
Hydrolysis of myofibril by cathepsin S
Each carp myofibril (0.1 mg) prepared was washed with 20 mM Tris-HCl buffer, pH 7.0, containing 2 mM cysteine, 2 mM EDTA and 1 mM Pefabloc SC (serine protease inhibitor). After incubation at 37°C with purified cathepsin S (0.1 mg), the reaction mixture was boiled for 3 min with an equal volume of 40 mM Tris-HCl buffer, pH 8.0, containing 8 M urea and 2% SDS, then applied to SDS-PAGE to analyze the hydrolyzed myofibrillar proteins by immunoblot analysis.
Immunoblot analysis
Hydrolysis of a-actinin, actin, tropomyosin and troponins T and I in myofibril were analyzed by immunoblot analysis as described Towbin et al. 21 using respective antibodies. Myofibrils (30 mg) hydrolyzed by cathepsin S were electro-transferred to a Clear Blot Membrane-P Activated CNBr-Sepharose 4B were purchased from Pharmacia Biotech (Uppsala, Sweden). Protein-Pak 125 and mBondapak C18 high performance liquid chromatography (HPLC) column from Millipore Corporation (Bedford, USA). Z-Phe-Arg-MCA and neurotensin and a-neoendorphin were purchased from Peptide Institute (Osaka, Japan). Oxidized insulin B-chain was from Serva (Heidelberg, Germany). Pefabloc SC produced by Merck was purchased from Kanto Biochemicals (Tokyo, Japan). Affi-Prep Protein A and prestained sodium dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) standards were from Bio-Rad Laboratories (Tokyo, Japan). The protein standard for SDS-PAGE was purchased from Pharmacia Biotech. The Micro BCA Protein Assay Reagent Kit was from Pierce Chemical Co. (Rockford, USA). All other chemicals used were of reagent grade.
Purification of cathepsin S
Cathepsin S was purified from the crude extract prepared from 250 g of carp hepatopancreas according to the method described previously. 17 In brief, ammonium sulfate fractionation of the crude extract was applied to S-Sepharose Fast Flow, Sephacryl S-200 and QSepharose Fast Flow column chromatography, and finally it was applied to Protein-Pak 125 column on HPLC. Cathepsin S activity was measured at pH 7.0 using ZPhe-Arg-MCA by the method of Kirschke et al. 5 with a slight modification. One unit of the enzyme activity was defined as the amount of activity which releases 1 mmol of AMC.
Sodium dodecylsulfate-polyacrylamide gel electrophoresis
Sodium dodecylsulfate-polyacrylamide gel electrophoresis was performed essentially according to the procedure of Weber and Osborn. 18 Proteins in the gel were stained with Coomassie brilliant blue.
Hydrolysis of peptides
Each of 10 nmol of neuropeptide (neurotensin, aneoendorphin and oxidized insulin B-chain) was incubated with purified cathepsin S (0.25 U) at 37°C in 100 mM sodium phosphate buffer, pH 7.0, containing 2 mM cysteine and 2 mM EDTA. After incubation, each of the reaction mixture was directly applied to HPLC using a mBondapak C18 (3.9 ¥ 300 mm; Waters Corporation, Milford, USA) column in order to separate the peptides. Elution was carried out with a linear gradient of acetonitrile (0-70%) containing 0.1% trifluoroacetic acid for 50 min at a flow rate of 1.0 mL/min by monitor- (Atto Corporation, Tokyo, Japan). The proteins of interest were identified by testing with the respective rat antibody, overlaid by peroxidase-labeled goat antirat IgG, and stained with Konica Immunostaining HRP Kit (Tokyo, Japan). Molecular mass was estimated from prestained SDS-PAGE standard blotted on the same membrane.
RESULTS AND DISCUSSION
Purification of cathepsin S
The homogeneity of the final preparation checked by SDS-PAGE was evidenced by a single protein band having a molecular mass of 37 kDa (data not shown) the same as that in a previous study. 17 From 250 g of carp hepatopancreas, 0.29 mg of the purified enzyme was obtained. We could get the purified enzyme efficiently as compared to the method of the previous study, 17 because the elution buffer containing 2 mM 2-mercaptoethanol was used for gel filtration (Sephacryl S-200 and ProteinPak 125 column) in order to protect the cysteine residues of the enzyme.
Specificity to peptides
The three peptides (neurotensin, a-neoendorphin and oxidized insulin B-chain) were used to study the cleavage selective of carp cathepsin S. The fragments from hydrolyzed peptides were separated by reverse phase HPLC as described in the methods section. On the basis of amino acid sequences of the fragments, the identity of the cleavage efficiency was determined. Figure 1 shows the reverse-phase HPLC pattern of aneoendorphin hydrolyzed by the purified carp cathepsin S after 2 h incubation at 37°C. The sequences of peak 1, 2 and 3 were found to be Tyr-Gly-Gly-Phe-Leu-Arg, LysTyr-Pro-Lys and Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-ProLys, respectively. From these data, the bond-specificity of cathepsin S was 6 Arg- 7 Lys, indicated by the arrows in Fig. 1 . In bovine spleen, it has been found to alter the P2 and P3 positions and that cathepsin S prefers residues with decreasing hydrophobic side chains (Val>Leu>Phe) in the P2 position. It is reasonable that the P1 and P2 sites of carp cathepsin S on a-neoendorphin were Leu and Phe, respectively. On the contrary, monkey skeletal muscle cathepsin B cleaved 8 Tyr- 9 Pro bond and slight cleavage at the 7 Lys-8 Tyr was observed, 22 and carp cathepsin B 10 hydrolyzed the bonds at 5 Leu- 6 Arg and 7 Lys- 8 Tyr. Figure 2 shows the HPLC profile of neurotensin resulted in three peaks after 2 h incubation at 37°C. Amino acid sequences of peaks 1, 2 and 3 were GluAsn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu, pGlu-Leu-Tyr, and pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-Arg-Arg-Pro-TyrIle-Leu, respectively. From these data, the bond-specificity of cathepsin S was 3 Tyr- 4 Glu, indicated by the arrow in Fig. 2 Figure 3 shows the profile of oxidized insulin B-chain hydrolyzed by carp cathepsin S after 4 h incubation at profiles of a-neoendorphin cleaved by cathepsin S. aNeoendorphin (10 nmol) and purified cathepsin S (0.25 U) were incubated at 37°C for 2 h, and the resulting peptides were applied to HPLC on a reverse-phase column. The cleaved material was eluted from the column with a gradient of 0.1% trifluoroacetic acid (TFA) and 70% of acetonitrile containing 0.1% TFA. The corresponding peaks were collected, concentrated and the amino acid sequences were analyzed by protein sequencer. The cleavage site is shown by an arrow. Peak 1, Tyr-Gly-Gly-Phe-Leu-Arg; peak 2, Lys-Tyr-Pro-Lys; peak 3, Tyr-Gly-Gly-Phe-Leu-Arg-Lys-Tyr-Pro-Lys.
Fig. 2 High performance liquid chromatography (HPLC)
profile of neurotensin cleaved by cathepsin S. Neurotensin (10 nmol) and purified cathepsin S (0.25 U) were incubated at 37°C for 2 h, and the resulting peptides were applied to HPLC on a reverse-phase column. The procedure was similar to aneoendorphin experiment. The cleavage site is shown by an arrow. Peak 1, Glu-Asn-Lys-Pro-Arg-Arg-Pro-Tyr-Ile-Leu; peak 2, pGlu-Leu-Tyr; peak 3, pGlu-Leu-Tyr-Glu-Asn-Lys-Pro-ArgArg-Pro-Tyr-Ile-Leu. chain are shown in Fig. 4 . Bromme et al. reported that the major cleavage sites of bovine spleen cathepsin S were located at bonds 13 Glu- 14 Ala, 17 Leu- 18 Val and 25 Phe- 26 Tyr. 25 However, carp cathepsin S did not cleave the bonds at 17 Leu- 18 Val and 25 Phe- 26 Tyr although the bond 13 Glu- 14 Ala was cleaved. It was also reported that the major cleavage site for cathepsin L is at bond 26 Tyr-27 Thr, while cathepsin S splits the B-chain extensively at the neighboring peptide bound 25 Phe- 26 Tyr. 26 On the contrary, carp cathepsin S cleaved at bond 26 Tyr-27 Thr, but did not split 25 Phe- 26 Tyr. From Fig. 4 , the cleavage specificity of carp cathepsin S on insulin B-chain was similar to that of rat cathepsin L rather than human and bovine cathepsin B that have wide specificity.
Degradation of myofibrillar proteins by cathepsin S
To date, many studies concerning the hydrolysis of myofibrillar proteins by proteinases have been performed using SDS-PAGE analysis, staining with Coomassie brilliant blue, after incubation of myofibril with proteinases. Using that method, however, it would be difficult to check for proteins that were present in low concentrations (e.g. a-actinin) or low molecular myofibrillar proteins (e.g. troponin) or fragments hydrolyzed by specific proteinase of interest, because these proteins were hampered by the fragments produced from bigger molecule proteins such as myosin heavy chain. In the present study, degradations of carp myofibrillar proteins treated with Pefabloc SC (a serine protease inhibitor) at pH 7.0 by carp cathepsin S were analyzed by immunoblot method. It has been confirmed that the antibodies against red seabream a-actinin and troponins T and I prepared were immunoreacted with the respective carp a-actinin, troponins T and I. 19 The results of immunoblot analysis of carp a-actinin, actin, tropomyosin and troponins T and I degraded with carp cathepsin S are shown in Fig. 5 . As shown in Fig. 5 , all proteins were hydrolyzed by cathepsin S but the proteolyzing rates were distinct from one another. Of course, 37°C. In Fig. 3 , it was shown that there were 13 major peaks and some minor peaks. The separated major peptides were additionally numbered in order of increasing the retention time. Amino acid sequences of 13 peaks were: peak 1, Leu-Val-Cys-Gly-Glu-Arg; peak 2, Gln-His-Leu; peak 3, Thr-Pro-Lys-Ala; peak 4, Phe-ValAsn; peak 5, Gln-Ala-Leu; peak 6, Cys-Gly-Ser-His-LeuVal; peak 7, unknown; peak 8, Ala-Leu-Tyr; peak 9, Glu-Ala-Leu-Tyr; peak 10, unknown; peak 11, Gly-Phe; peak 12, Gly-Phe-Phe-Tyr; peak 13, insulin B-chain. From these data, the cleavage sites of carp cathepsin S were postulated to be the bonds at 3 Asn- 4 Gln, 6 Leu- 7 Cys, 12 Val- 13 Glu, 13 Glu-14 Ala, 16 Tyr- 17 Leu, 22 Arg- 23 Gly, 24 Phe- 25 Phe and 26 Tyr-27 Thr, indicated by the arrows in Fig. 3 . P2 position of carp cathepsin S on insulin B-chain were bulky and hydrophobic amino acid residues such as Phe or Leu, and small amino acid residues such as Gly, Ala and Val were also accepted in these positions.
Action of other cathepsins S, B and L on insulin B- Fig. 3 High performance liquid chromatography (HPLC) profiles of insulin B-chain hydrolyzed by cathepsin S. Insulin B-chain (10 nmol) and purified cathepsin S (0.25 U) were incubated at 37°C for 4 h, and the resulting peptides were applied to HPLC on a reverse-phase column. Experimental conditions were the same as those in Fig. 1 . The cleavage sites are shown by the arrows. Peak 1, Leu-Val-Cys-Gly-Glu-Arg; peak 2, Gln-His-Leu; peak 3, Thr-Pro-Lys-Ala; peak 4, Phe-Val-Asn; peak 5, Gln-Ala-Leu; peak 6, Cys-Gly-Ser-HisLeu-Val; peak 7, unknown; peak 8, Ala-Leu-Tyr; peak 9, Glu-Ala-Leu-Tyr; peak 10, unknown; peak 11, Gly-Phe; peak 12, Gly-Phe-Phe-Tyr; peak 13, insulin B-chain. these proteins were not totally decomposed without cathepsin S (data not shown). a-Actinin, actin and troponin T were hydrolyzed for 6 h although tropomyosin and troponin T were almost completely hydrolyzed in 60 min. However, hydrolysis of tropomyosin was limited proteolysis, that was accompanied by the appearance of a few resultant fragments with about 30-35 kDa. These findings indicated that cathepsin S had potent endopeptidase activity on the endogenous proteins at physiological pH. Ogata et al. reported that carp myosin heavy chain, aactinin, b-actinin and troponins T and I were hardly degraded at pH 7.0 by carp muscle cathepsin L and were marginally hydrolyzed even at pH 6.5 although these proteins were well hydrolyzed at pH 5-6. 13 We have also partially purified cathepsin S from carp muscle and found that both activities of cathepsins S and L existed to a similar extent. Therefore, the present results suggest the possibility that cathepsin S acts on the degradation of endogenous proteins at neutral pH involving autolysis.
